Abstract In the condition of the 3 mm gap, experiments for 360 Hz intermediate-frequency vacuum arc are carried out in interrupters with the diameters being 41 mm and with the contact materials being CuCr50 and Cu-W-WC alloy respectively. The results indicate that the contacts material is closely related to the breaking capacity of the vacuum interrupters and characteristics of an intermediate-frequency vacuum arc. For contacts with the same diameter, the breaking capacity of CuCr50 is better than that of Cu-W-WC. When the current fails to be interrupted, the arcs overflow the gap and present irregular performances in the first half wave. Consequently a voltage spike appears. More macroscopic metal droplets can be seen in the arc column between CuCr50 contacts because of the lower melting point. It is observed that the droplet emission is much more severe during arc reignition than that in the first half wave. It is much more conspicuous that the high frequency arc voltage noises appear in Cu-W-WC contacts when the vacuum arcs reignite, for higher temperature and stronger electronic emission ability of Cu-W-WC contacts.
Introduction
In the aviation field, it is a tendency to connect the engine to the variable frequency generator directly, which makes the frequency of the power system change in the intermediate frequency range (360-800 Hz). With the increase of current frequency, the value of di/dt at the zero moment gets larger and the rise rate of the recovery voltage becomes faster because the arc time is shorter in the semi-period compared to the power frequency supply system. Therefore, the arc breaking process tends to be much more difficult as the growth of the current value. Meanwhile, an eddy current effect is more apparent along with the increased frequency. All these will bring new problems. Consequently a new circuit breaker should be applied in the intermediate-frequency power system instead of an air circuit breaker. The vacuum circuit breaker has been widely applied in the medium voltage power distribution system, and has a small volume, light weight and large current breaking capability, all of which are its application strengths in the aviation field.
It is well known that the axial magnetic field (AMF) has an influence on the current breaking capability. Yanabu [1] observed that the arc is significantly stabilized and consequently the interrupting ability of the arc increases under AMF. Liu Zhiyuan [2] found the interruption capacity of vacuum interrupters with the slot-type AMF contacts is related to the ratio of the anode diameter to the gap length. Niwa [3] researched the high-speed vacuum circuit breakers applied to railway power systems. The relation between the current waveform just before current zero and the interruption ability by varying the high frequency current source was investigated. In Ref. [4] , the characteristic of 270 V DC forcing interruption was studied. With a fixed average current rate di/dt, the change law of the arc diameter was summarized. Ma Ruiguang [5] revealed the phenomena of arc stagnation and back commutation and preliminarily discussed the influence of arc chamber width on the arc stagnation according to the experimental results. The simulated arc behavior was presented by the temperature distribution sequences. Yang Fei developed three-dimensional magneto-hydrodynamic models of air arc plasma in Refs. [6] and [7] . The arc-splitting process in the quenching chamber of a low-voltage circuit breaker and arc plasma behavior during the arc commutation process in a medium-voltage DC circuit breaker contact system were investigated separately. In Ref. [8] , current interruption experiments have been carried out with the purpose of comparing the arc-quenching capabilities of four common polymers. Influences on arc behavior by gases released from polymers were studied. Boxman [9] , Niwa [10] and Sugita nomena by measuring the temperature of the anode surface. Wantanabe [12] estimated the temperature of the CuCr50 anode surface at the current interruption limit and calculated the metal vapor density and pressure, which are closely related to reignition. In Refs. [13] and [14] , researchers found droplets and particles in the arc column between Cu and CuCr30 contacts under AMF. Experimental investigations about intermediatefrequency vacuum arc are at the starting stage. Wang Jing [15−18] has investigated microscopic parameters, behaviors and characteristics of intermediate-frequency vacuum arc in AMF contacts. Zhu Liying [19−22] has studied arc movement, arc mode and dynamic voltageampere characteristics at intermediate-frequency under a transverse magnetic field (TMF).
In this paper, interruption phenomenon of the intermediate-frequency vacuum arc in AMF is further investigated. Particularly, arc voltage, arc reignition and droplet emission of different contacts materials will be paid attention to.
Experimental setup

Experimental system
A single-frequency oscillating circuit was utilized to study the intermediate-frequency vacuum as shown in Fig. 1 . The oscillating circuit including capacitor C 1 , bidirectional triode thyristor VT 1 , inductance L 1 , vacuum interrupter VI and shunt resistor R 2 , is utilized to generate the intermediate-frequency current. The arc holding branch which consists of capacitor C 2 , power diode VD 1 , resistor R 1 , and thyristor VT 2 , is used to generate the approximate direct current arc until the intermediate-frequency current is injected. The frequency regulation branch including resistor R 0 and capacitor C 0 is used to adjust the rise rate of recovery voltage between contacts. The sequence of experimental operations is described as follows. When charging the capacitor C 1 and C 2 to a rated voltage, the VT 2 is first triggered as the VI is closed, which makes the arc holding branch start to work. After the VI contacts open, the approximate direct current arc is generated due to the large time constant (τ = R 1 C 2 ). The VT 1 is triggered to inject the intermediate-frequency current while the contacts are fully open. The VT 2 is switched off for the negative voltage (Charging voltage of C 1 is higher than C 2 ). The trigger signal of VT 1 will last to the end of the experiment. Adjusting C 1 =19811 µF and L 1 =10 µH in this paper makes the frequency of the intermediate-frequency current around 360 Hz. In the experiment, the absolute maximum value of the voltage probe is 2000 V, according to the maximum recovery voltage of the vacuum arc, which is about 500 V. The shunt resistor R 2 with value 0.6 mΩ is used to measure the current. The waveforms of voltage and current are recorded by DL750 of YOKOGAWA. The arc images are taken by Phantomv7.3. The sampling rate is 35087 and the exposure time is 2 µs. The resolution of the arc images is 320×240. 
Experimental vacuum interrupter
Commercial VI with cup-type AMF contacts without shield is used in this paper, as shown in Fig. 2 . Contacts materials in Fig. 2(a) and (b) are CuCr50 and Cu-W-WC alloy respectively. The air pressure inside the VI is lower than 5×10 −4 Pa. The coil turn is 1/4 and the diameter of the contacts is 41 mm. In the experiment, the gap between the contacts is 3 mm. It is well known that the contacts material is one of the key factors to arc characteristics and current breaking capability. Physical properties of the material, such as a high melting point and vapor pressure, excellent electrical and thermal conductivity, are good for arc breaking. For the vacuum circuit breaker, it is important that the contacts material should have a low electrical wear ratio, strong anti-welding ability and mechanical tolerance under the effect of the arc. Furthermore, a high dielectric strength is also necessary for the high voltage vacuum interrupter. CuCr50 and Cu-W-WC alloy are used in this paper. The parameters of the two materials are shown in Table 1 [14, 23] . By comparison, it can be found as follows: Cu has good thermal conductivity and electrical conductivity, but a low melting point, hardness and vapor pressure. Cr has a low chopping current and the highest vapor pressure at melting point, which generates a lower noise component in arc voltage. At the same time, the hardness of the alloy can be significantly improved by Cr. W is a kind of refractory metal which has a high melting point, boiling point and hardness. W also has good ablation resistance, wear tolerance and thermal conductivity. WC has a high melting and boiling point but poor thermal and electrical conductivity. 3 Results and analysis
Interruption phenomenon for various contact materials
Waveforms of arc voltage and current for vacuum interrupters with the same diameter (41 mm) but various contacts materials in different current are shown in Fig. 3 . The frequency of the current is around 360 Hz. For the Cu-W-WC contacts, when the peak current of the first half wave is 17.5 kA, as shown in Fig. 3(a) , the current is interrupted and the arc voltage is flat. The maximum value of the voltage is 54.7 V. There are post-arc high frequency oscillations in the voltage. While the peak current of the first half wave is 20 kA, as shown in Fig. 3(b) , there is an obvious spike in the arc voltage and the current is not interrupted successfully. The maximum value of the voltage is 83.3 V. After zero, there are reversed breakdown and significant voltage noises.
For the CuCr50 contacts, when the peak current of the first half wave is 20 kA, as shown in Fig. 3 (c), the current is interrupted. The maximum value of the voltage is 60 V. While the peak current of the first half wave is 22.5 kA, as shown in Fig. 3(d) , the current is not interrupted successfully. The peak value of the voltage is 74.7 V. There is also reversed breakdown after zero. Compared to the Cu-W-WC contacts, the amplitudes of the voltage spike and noises are smaller and the durations are shorter in the CuCr50 contacts. When the first peak current is 22.5 kA, the recovery voltage of CuCr50 contacts is shown in detail in Fig. 3(e) .
According to the waveforms and data above, it can be concluded as follows: for Cu-W-WC and CuCr50 contacts with the same diameter, the trends of the current and voltage waveforms are similar when the current is interrupted. The phenomenon of the experiment is also consistent while the current failed to be interrupted, but the arc voltage spike and noises of the CuCr50 are lower. The interruption capacity in CuCr50 is better than that in Cu-W-WC. With the same peak current of the first half wave, the peak voltage of the CuCr50 contacts is lower. It can be inferred that: compared to W and WC, as the boiling point of Cr is lower and the vapors pressure of Cr is higher, on one hand, plenty of metal vapors could be generated at lower temperature. On the other hand, heat is difficult to be transmitted as the thermal conductivity of Cr is worse, because of which the temperature of contacts surface is easy to rise. Due to the two factors, enough metal vapors for maintaining an arc can be generated by a relatively lower energy. Therefore the peak voltage, arc voltage spike and noises are lower between CuCr50 contacts.
Arc images at the moment of the first current peak are displayed in Fig. 4 . For intermediate-frequency vacuum arc in short gap, an intense arc is not observed and the arc is diffuse. In the same contacts, with the in-crease of current level, the vacuum arc is getting larger in size and brighter, as well as overflowing out of the gap between contacts. When the peak current is 17.5 kA, the arc is stable and interrupted in Cu-W-WC contacts. When the peak current is 20 kA, the arc is not interrupted successfully in Cu-W-WC contacts. At this time, plasma in the gap is active and the arc is incompletely controlled by AMF. However, an arc can still be interrupted in CuCr50 contacts at 20 kA peak current. The arc is stable and distributes uniformly. While the peak current is up to 22.5 kA, the arc fails to be interrupted in CuCr50 contacts either. The arc is extremely bright and moves to the side of the contacts. Thus it can be seen that the interruption capacity in CuCr50 is better than that in Cu-W-WC. Compared to Cu-W-WC, the melting point of CuCr50 is lower yet, CuCr50 is easy to be melted, for which the phenomenon of droplet emission is more distinct. Fig.4 Arc images of various materials contacts at different currents. Each image corresponds to the moment of the first current peak. The lower electrode is a cathode in each image 3.2 Arc appearance related to the voltage spike and noise
As mentioned above, when the current is not interrupted successfully as shown in Fig. 3(b) and (d), there is an arc voltage spike in the first half wave and voltage noises after arc reignition. Especially in the Cu-W-WC contacts, the above phenomenon is particularly obvious.
Arc images without voltage spike in Cu-W-WC contacts when the peak current is 17.5 kA are shown in Fig. 5(a) . In comparison, arc images displayed in Fig. 5(b) are at the same moment as the voltage spike when the peak current is 20 kA. When there is not an obvious arc spike, the arc is well distributed between the contacts gap. The arc is getting bigger in diameter with the current increase. While there is a voltage spike, the arc moves to the lateral of the contacts. As the current is increasing, more arc is out of the gap. It is illustrated that there are cathode spots at the lateral side where the arc is burning. According to this, what can be inferred is that the abrupt rise of voltage is closely related to the arc offset-burning caused by those external cathode spots [24] . In Fig. 5(b) , the voltage spike appears in nearly the moment of t 2 . At this time, the overflowed arc is in irregular appearance and rotating. Much more plasmas and metal vapors are generated by the increase of current. In AMF, the arc column is affected by a strong Lorentz force when the current is high. Therefore, the outward diffused arc is rotating clockwise. The arc moving out of the gap could be an important reason for the voltage spike. Arc voltage U h is determined by voltage drops in the electrode fall and arc column:
among which, U 0 is the voltage drops in the electrode fall, which is related to contacts materials. And U Z is the voltage drops in the arc column, which is related to the plasma density in the arc column and arc resistance. Under normal conditions, vacuum arc voltage in a short gap is mainly determined by the voltage drops in electrode fall, and the voltage drops in arc column approach zero [25] . By comparison, it can be observed in Fig. 5 that the arc path is curving when the arc is burning at the lateral of the contacts, which is equivalent to the length of arc column l being lengthened. Meanwhile, the arc is constricted and the sectional area S decreases. Thus according to the resistance formula:
it is known that the arc resistance R increases, which causes the rise of arc voltage. This inference can be confirmed by the waveforms of R along with time in Fig. 6 . For Fig. 6(a) , when the arc is interrupted with peak current 10 kA, the change of arc resistance is smoothing. However for Fig. 6(b) , when the arc is not interrupted with peak current 20 kA, there is a spike in the arc resistance R at the same time that the spike appears in the voltage. Simultaneous, there is also a spike in the arc power P . It is illustrated that the arc energy is maximum and the arc burns acutely at this moment. Moreover, in Fig. 5(b) , it is found that not only is the intermediate-frequency vacuum arc at the lateral side of the gap, but also the cathode emission region appears at the bottom of the contacts. This is different from that it is easy for the vacuum arc to be intense in the center of contacts by energy concentration under the high current mode in power frequency [14] . Comparing intermediate frequency and power frequency, it is a fact that the voltage drops in inductance of the excitation coil in contacts will rise with the increase of frequency. Take the contact coil of the anode and cathode as an equivalent inductor, and then estimate approximately as follows:
Among which, f is the frequency of the current, R is the radius of the cup-type contact, and B is considered as the magnetic induction at the axis center of the contact for a simplified calculation, which can be obtained from the following formulas [26] :
Among which, d is the opening gap, h is the height of contact coil, t is the thickness of the contact blade, R is the outer radius of the cup-type contact and r is the inner radius, N is the number of turns, and I is the current value. The values of the above parameters are listed in Table 2 . According to these, the theoretical estimation of the inductor peak voltage is about 1.3 V. Make sure the Cu-W-WC contacts are closed and inject an intermediate-frequency current with 360 Hz and 20 kA peak values. The measured peak voltage value is 2 V. As shown in Fig. 3(b) in addition, the maximum value of the arc voltage is 83.3 V in the Cu-W-WC contact with 20 kA peak current. According to the waveform of arc voltage, the average value is estimated at about 40 V. Thus it can be concluded that the inductor voltage value is comparable to the arc voltage value. Because both plasmas and metal vapors are dissipating to the space inside an interrupter continuously during the arcing period, there will be potential conducting channels that could be broken down for the high density of plasmas and metal vapors. So when the inductor voltage is comparable to the arc voltage somewhere in space, the current is through the contacts, as well as bypassing the contacts and through the arc region outside the gap. Therefore, this must be the reason why the intermediate-frequency vacuum arc overflows the gap and the cathode spots appear at the bottom of the contacts. When the first peak current is 20 kA, arc images with voltage noises in Cu-W-WC contacts are displayed in Fig. 7 . The noise continues about 700 µs and the frequency is about 100 kHz. Due to the arc images, there is no arc column in the gap during noisy period. As the noises start from t 4 , the arc is filling all the space inside the interrupter. The arc is not in the gap until t 7 when the noises end. but not with an obvious corresponding relation to the arc images. While at t 7 , the voltage value is −62.67 V. The following descriptions must be the direct reason for voltage noises: the density of residual plasma is large after a high current, which can make the arc be out of the gap and suffuse the space. The temperature of the Cu-W-WC contacts is very high on account of W and WC. Then more post-arc hot electrons will be emitted and the arc between Cu-W-WC contacts is much easier to be broken down. As a result, the phenomenon of voltage noises is more distinct than that in CuCr50 contacts yet.
Discussion
Droplet emission
The melting point of Cr is 1875
• C, as well as the melting point of W and WC are nearly 3000
• C. Thus CuCr50 is easier to be melted than Cu-W-WC. As a consequence, it is more likely for metal evaporation and droplet emission taking place in the CuCr50 contacts. In Fig. 8 , arc images from extinction to reignition in CuCr50 contacts are shown in detail. Droplet emission can be clearly observed. From t 12 to t 14 , it is the first current half wave and the upper electrode is an anode in each image. While from t 15 to t 25 , it is the second current half wave after reignition and the upper electrode is a new cathode (old anode) in each image. It can be found as follows: cathode emission is more serious than that of anode. After the arc extinction, the temperature is high, meanwhile the density of residual plasmas and metal vapors are large in the interrupter. So when new energy is injected after reignition, more and larger metal droplets will be emitted. Select two measuring points A and B, which are marked with a square and circle separately in Fig. 8 . According to the xoy coordinate system, considering the electrode diameter 41 mm as the reference object, the coordinate of A for t 12 and t 13 are A 12 (18.7, 4.8) and A 13 (18.1, 4.2) . It can be obtained that the moving distance of point A is 0.85 mm in the plane. The time interval is 0.06 ms, therefore the velocity of A is 14.1 m/s in the plane. In the same way, the coordinate of B fort 20 and t 25 are B 20 (19.3, 8.4 ) and B 25 (15.7, 4.8) . It can be obtained that the moving distance of point B is 5.09 mm in the plane. For the time interval is 0.625 ms, therefore the velocity of B is 8.2 m/s in the plane. The measurement and calculation are in the plane, so it can be estimated approximately that the velocity of emission is 10-20 m/s. Considering that the diameter of the glass cover is 100 mm, the period of emission would be about 2 ms, which is approximately equal to 1.4 ms, the half wave time of the current in 360 Hz. Judging from this, metal droplets and particles are the source of plasma in space after the arc extinction. Thereby, the space inside the interrupter is good at electrical conductivity, which could cause arc reignition. 
Process of arc reignition
Whether the vacuum arc is being interrupted or not depends on the parameters and thermal state of residual plasma. The process of arc reignition in Cu-W-WC contacts with 41 mm diameter is displayed in Fig. 9 with the first peak current 20 kA. The upper electrode is a new cathode (old anode) in each image. The reignition occurs firstly at the edge of the contacts for the following reasons: since the arc has already burned at the edge of contacts at the first half wave, energy is constricted and temperature is high at the edge of the old anode (new cathode). Therefore electrons are easy to be emitted in this region after the current reverses. Assuming that the electrodes are parallel charged plates, then the distribution of charge density in the surface can be calculated. The result is displayed in Fig. 10 . It can be seen that the charge density is dense due to the edge effect [27−30] . Thus the electric field intensity is so strong at the edge that the probability of field emission increases and the charged particles are difficult to recombine. As a consequence, the reignition will occur at the edge of the contacts. This result can be verified from the images of the ablative electrodes in Fig. 11 . After several experiments, the serious ablations appear at the edge for both CuCr50 and Cu-W-WC contacts. More cathode spots are not only appearing at the surface of contacts, but also the lateral side because of the plasma filling in space, which is different from the situ-ation in the first half wave. With the current increase, the arc is expanding and tending to be constricted to an anode. In high current mode, the temperature of the arc is high. The density of the plasma in space is large and the plasma diffuses slowly. So it is very good at electric conduction between contacts. As the rate of dielectric recovery is slower than the rise rate of the recovery voltage, the arc reignites, though the velocity of diffuseness is fast [31] : it is nearly (1-2)×10 4 m/s for metal atomic and molecular and 10 6 m/s for electron.
As a result, the diffusing time is of microseconds. However, as the surface temperature of Cu-W-WC contacts is up to thousands of centigrade, the cooling time cannot even reach the degree of microseconds. Electrons are easy to be emitted from an old anode with a high temperature, then the old anode becomes a new cathode. The concentration of evaporation is high in the surface region, therefore it is broken down after the arc extinction. For CuCr50 contacts, due to the characteristics of material, the ablation resistance is weaker than that of Cu-W-WC contacts, which can be seen from the comparison in Fig. 11 . However, there is a lower temperature and higher vapor pressure in CuCr50 contacts, leading to the post-arc energy being lower. So even if there is droplet emission in CuCr50 contacts, the fact still remains that the electrical conductivity of the space inside the interrupter with CuCr50 contacts is a worse performance than that with Cu-W-WC contacts. Hence it is the reason why the breaking capacity of CuCr50 alloy is better than that of Cu-W-WC alloy.
Conclusion
According to the experimental results and analysis about the interruption phenomenon of intermediatefrequency vacuum arc in AMF, the following conclusions can be drawn.
a. For contacts with the same diameter, the breaking capacity of CuCr50 alloy is better than that of Cu-W-WC alloy. While the high current is broken, as the melting point of CuCr50 is lower than that of Cu-W-WC, it is easy for CuCr50 to melt, for which the phenomenon of droplet emission is more distinct. Metal droplets and vapors are the source of plasma in space after the arc extinction. Thus the space inside the interrupter is good at electrical conductivity, which could cause arc reignition. However, for high temperature and energy of Cu-W-WC contacts, more post-arc hot electrons will be emitted. As a result, the density of residual plasma is large after high current and the arc between Cu-W-WC contacts is much easier to be reignited.
b. When the current is not interrupted successfully, the arc overflows the gap and presents irregular performances in the first half wave. Since the arc path is curving, the arc resistance increases and there is a voltage spike. At the same time, the arc energy is maximum and the arc burns severely. Judging from this, the reignition occurs firstly at the edge of the contacts for the following reasons: since the arc has already burned at the edge of contacts at the first half wave, energy is constricted and temperature is high at the edge of the old anode (new cathode). Therefore, electrons are easy to be emitted in this region after the current reverses. Furthermore, the electric field intensity is so strong at the edge that the probability of field emission increases and charged particles are difficult to recom-bine. The density of residual plasmas is large after a high current, which can make the arc be out of the gap and suffuse the space. After arc reignition there appear voltage noises.
c. In the high current mode, the intermediatefrequency vacuum arc is not intense obviously in the center of contacts. The voltage drop in the contact coil increases with the frequency increasing. Because both plasmas and metal vapors are dissipating to the space inside the interrupter continuously during the arcing period, there will be potential conducting channels that could be broken down for the high density of plasmas and metal vapors. So when the voltage drops in the coil inductor, which is comparable to the arc voltage somewhere in space, current can be through both the contacts and the arc region outside the gap. Therefore, the intermediate-frequency vacuum arc overflows the gap and the cathode spots appear at the bottom of the contacts.
